Silver (Ag) nanoparticles (NPs) were deposited on the surface of bulk Nitrogen-Boron co-doped 6H silicon carbide (SiC), and the Ag NPs were observed to induce localized surface plasmons (LSP) resonances on the SiC substrate, which was expected to improve the internal quantum efficiency (IQE) of the emissions of the donor-acceptor pairs of the SiC substrate. Roomtemperature measurements of photoluminescence (PL), transmittance and time-resolved photoluminescence (TRPL) were applied to characterize the LSP resonances. Through the finitedifference time-domain (FDTD) simulation of the LSP resonance of an Ag nanoparticle on the SiC substrate, it is predicted that when the diameter of the cross section on the xy plane of the Ag nanoparticle is greater than 225 nm, the LSP starts to enhance the PL intensity. With implementation of a 3 rd order exponential decay fitting model to the TRPL results, it is found that the average minority carrier lifetime of the SiC substrate decreased.
Introduction
Silicon-carbide (SiC) is a promising luminescent material since it can be applied as a substrate and wavelength conversion material for white light-emitting diode (LED) [1] . However, little work has been done on inducing localized surface plasmons (LSP) on bulk SiC surfaces for efficiency improvement, whereas significant progress has been reported for luminescence enhancement of quantum well based LEDs by LSP coupling [2] .
In this paper, we present our attempt on inducing LSP on an N-type (nitrogen-boron co-doped) 6H bulk SiC surface. The aim is to increase the donor-acceptor pairs (DAP) recombination rate by achieving a coupling with the LSP modes of metallic nanoparticles (NPs). DAP are expected to couple with LSP before being captured by non-radiative recombination centers [3] . The LSP-DAP coupling, where the channels for the DAP recombination are expected to be accelerated due to the large density of states of surface plasmon modes [4] . This way, the internal quantum efficiency (IQE) is expected to be improved.
Experimental
The as-grown bulk 6H SiC wafers (Nitrogen: 5.37×10 18 cm -3 , Boron: 9.5×10 17 cm -3 ) were supplied by TanKeBlue, which the wafers were diced into small samples with average sizes roughly about 1 cm × 1 cm, then the small samples were cleaned by piranha solution (1:4 mixture of 30% H 2 O 2 and concentrated H 2 SO 4 ) and buffered HF solution (5%) in sequence. Then 4 different thicknesses of Ag thin films (5 nm/10 nm/15 nm/20 nm) were deposited on different SiC bare samples by e-beam evaporation. Finally, Ag NPs were self-assembled after rapid thermal annealing at 350 °C for 15 min. The photoluminescence (PL) was excited by a diode laser with λ=375 nm. Transmittance was measured by an integrating sphere with a white light source (Xenon arc lamp). For time-resolved photoluminescence (TRPL) measurement, the samples were excited by a pulsed laser source (picosecond pulsed diode laser head) with pulse width (full width at half maximum, FWHM) of 44 ps. All three measurements were performed at room temperature. Note that we were using front excitation and front detection (the plane with Ag NPs was considered to be the front side) for both PL and TRPL measurements. The PL spectra of the samples are shown in Fig. 2 (a). All SiC samples with Ag NPs are observed to have a lower PL intensity than the as-grown SiC. Transmittance spectra of each SiC sample with Ag NPs are shown in Fig. 2(b) , where the normalization is relative to the as-grown SiC transmittance. The dips in the spectra indicated the existence of LSP resonances, and it is found that λ LSP redshifts with the size increase of Ag NPs which is consistent with the results of Fadil et al. [2] , The λ LSP of sample "Ag_20nm" is predicted to be at infrared region. Since the λ peak (wavelength corresponds to the maximum PL intensity) in PL spectra is located closest to λ LSP of sample "Ag_10nm", it is supposed to induce more efficient LSP coupling with DAP in the substrate [4] , whereas it had the lowest PL value. This is because of the non-radiative loss caused by the absorption of photons in the Ag NPs with existing LSP mode [5] . In order to investigate the relation between the size of Ag nanoparticle on the SiC substrate and the photon energy being absorbed or scattered when inducing the LSP mode, the finite-difference time-domain (FDTD) simulations using Lumerical FDTD Solutions were implemented. The schematic of the simulation is shown in Fig. 3 . Twelve diameters (along x and y axis) were chosen for the Ag nanoparticle from 25 nm to 300 nm with 25nm difference between neighboring Materials Science Forum Vol. 897 635 diameters. The absorption cross section and scattering cross section were extracted from the simulation where the results were summarized in Fig. 4 , it is found that when the diameter (x-y plane) of Ag nanoparticle is greater than 225 nm, the scattering cross section begins to be larger than the absorption cross section, thus the PL intensity can be enhanced. Combining the simulation results to the measured PL intensities of SiC substrates with Ag NPs, the average diameters of Ag NPs on these samples are still unable to satisfy the condition of PL enhancement. Therefore, the diameters of the Ag NPs need to be extended to larger sizes in the future experimental investigations. 5 shows the results of TRPL measurement and the corresponding exponential fitting curves, where the 3 rd order exponential decay model (Equation (1)) was applied for the fittings of the measured TRPL decay, and Equation (2) shows the expression for amplitude-averaged minority carrier lifetime.
Results and Discussion
(2) Fig. 4 . Simulated ratio of scattering cross section to absorption cross section of single Ag nanoparticle with different diameters. Fig. 3 . Schematic of the FDTD simulation.
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In Equation (1), where A i indicates the detected amount of the photons at the beginning (t=0) at each decay channel, and τ i indicates the decay time for each decay channel (time constant). The calculated amplitude-averaged minority carrier lifetime (t av ) of the as-grown SiC substrate and the samples (a) to (d) in Fig. 1 were: 82.2 ns, 29.4 ns, 47.2 ns, 12.4 ns and 12.0 ns respectively. It is found that the t av of all four samples with Ag nanoparticles were shorter than the t av of as-grown samples. We believe that the physical mechanism behind the measured PL intensity decay curves in Fig. 5 was the combined action of both DAP recombination and electrons/holes trapping by intrinsic defects in the SiC substrate [7, 8] , where the carriers capture probabilities of the intrinsic defects, i.e. E 1 /E 2 [8] in N-type 6H SiC, have been enhanced. This is probably because of the changing of the effective mass of holes [9] and electrons [10] in SiC substrate since the electric field of the SiC material close to the interface between Ag NPs and SiC substrate has been changed, followed by the changing of the thermal velocity [11] of electrons and holes of the SiC material close to the above-mentioned interface. Hence the capture probability [12] of intrinsic defects of the SiC substrate has been changed.
Conclusion
We have successfully induced LSP mode on Nitrogen-Boron co-doped SiC substrate. The FDTD simulation of the LSP resonance of an Ag nanoparticle on the SiC substrate has shown that when the diameter of the Ag nanoparticle is greater than 225 nm, the LSP starts to enhance the PL intensity. A 3rd order exponential decay fitting model implemented to the TRPL results has revealed that the average minority carrier lifetime of the SiC substrate has been decreased via LSP mode induced by the Ag NPs on the SiC substrate.
